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Abstract 
It is proposed in this paper a novel damage identification method of concrete-filled steel tubular arch bridge using 
data fusion based on information allocation theory. This method is actually a data fusion process, in which the 
statistic characteristics of the measured data, such as mean, standard deviation are calculated firstly, and then the bad 
points are excluded by the Grubbs Guidelines from the data set. After that, the measured data satisfied to certain 
precision are sent to a data fusion centre where the fusion computation is performed by employing a weighted 
average algorithm, and the damage location of a CFST arch bridge is determined by the peak value method finally. 
The efficiency and feasibility of the method proposed is validated by detecting both single- and multi-damage 
patterns of a two-span CFST arch bridge, and the effect of environmental on identification results is 
studied simultaneously. The results show that the proposed method is capable of detecting damage and has a good 
robustness.
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the stress 
sta
m 
seem to be successful in dealing with both noisy and great quantities of measured data. Data fusion, an 
nique, has been developing rapidly since 1980s [3-5]. Owing to its virtues, 
such as changing redundant, uncertain, imprecise and unreliable information into certain, precise and 
n, and obtaining comprehensive, consistent and reliable assessment, the data fusion has 
been applied to control engineering, machinery fault diagnosis and structural damage detection. 
sion and decision-level fusion. The pixel-level fusion is the lowest 
lev
 data from multiple sensors have been 
preprocessed and the key features are extracted, these are then summarized and processed so as to retain 
ation from all sensors is input to the fusion centre and the fusion 
results are finally drawn. The decision-level fusion is the highest level where the data from each sensor 
are
On the basi  Gaussian or 
approximate Gaussian distribution, a stochastic quantity must be near E(Y) in a high probability and away 
1. Introduction 
 Concrete-filled steel tubular (CFST) structures have been widely applied to practical engineering due 
to the virtues, such as superior performances and advanced economic indices. With the service life 
decreasing, the material aging and disasters occurring, more and more attentions are paid to the states and 
safety assessment of large-scale complex structures. 
Generally, structural health monitoring and damage detection can be divided into four levels: 1) 
damage occurrence; 2) damage location; 3) damage extent and 4) residual cycle-life. A CFST arch bridge, 
one of application types of CFST structure, consists of hundreds of members. In an arch bridge system, 
arch ribs are the most important members, consequently it is inevitable to monitor and detect 
tes, deformations of them. In addition, with most damages being inside of the steel tube and invisible,
it is necessary to use nondestructive detection based on vibration measurement[1-3]. However, even 
though many nondestructive damage detection and assessment methods have been proposed, few of the
information processing tech
reliable informatio
In the following sections, we employ the data fusion to address the processing of both uncertain and 
great quantities of information, as well as implement damage identification. Consequently a novel 
damage detection method of a CFST arch bridge is presented, and is validated by a numerical example. 
2. Fundamental Principle 
2.1.  Data Fusion 
Multi-sensor data fusion is an information processing system, which can combine data from multiple 
information sources and related information from associated databases, to achieve improved accuracies 
and more specific inferences than can be achieved by the use of a single source alone. Data fusion 
involves data acquisition, data preprocessing, feature extraction, fusion computation, and fusion results 
output. According to the levels of data extraction in the course of fusion, data fusion can be categorized 
into pixel-level fusion, eigen-level fu
el of data fusion where the raw data collected are summarized and analyzed before processing. The 
eigen-level fusion is a fusion at the intermediate level. After the raw
important information. Then the inform
 firstly processed and classified, and initial decision-making results are drawn. Appropriate fusion 
algorithms are then employed to fuse the initial decision-making results from each sensor, and hence the 
final fusion results are obtained[1,5]. 
In conclusion, the basic hardware is the sensor (system) and fusion computation is at the core of a data 
fusion system. The core of fusion computation is fusion algorithm. 
2.2.  Information Allocation Theory[4] 
s of the knowledge of probability theory, when a variable Y obeys the
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 of the theory that a small probability event can not occur in once 
test, rded (Y). Assume that the 
measurem le ɑx nd proven in practical 
engin  the above principle, the calculation steps are as follows: 
from it in a small probability. In view
Y can be rega
ent samp
eering [6]. Based on
as the “bad value” and removed when it deviates from E
, obeys the approximate Gaussian distribution, it is true a
(1) Compute the mean of the samples: 
1
1 n
x xi
i
a a
n
=
= ∑   
(2) Solve the standard deviation: 
(1) 
2
1
1 ( )
1
n
xi x
i
S a a
n
=
= −
−
∑   
 (3) Exclu  There are two exclusion criterions. One is suitable for the case where the 
number of sensors is sufficient and the measurement data is relatively precise. This c
(2) 
de the “bad value”.
riterion is by 
comparing xi xa a− with 2S ed from the measurement 
sample when
, and easy to implement. The value of axi, is exclud
2xi xa a S− > . A  are insufficient and the 
me
distribution,
nother is applicable to the case where the sensors
asurement data have large errors, and the Grubbs Guideline is used to exclude the “bad value” [7]. 
Assume that the experimental data, x1, x2, …, xn, obey the normal distribution. The data series is re-
arranged by the value magnitude of it, i.e. . Then the Grubbs 
(1) (2) (3) (n)x x  x , , x≤ ≤ ≤ ≤L
( ) ( 1) ( ) (2)n n nx x x x−− − , is d α, is set, the Grubbs 
Guideli  value, T(n s obtai  and th alue o Grubb eline is as follow
erived. When the degree of confidence, 
ne , α), i ned, e T v f the s Guid s:
Sax−aS xi=   (3) 
=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
VT =
Then the Grubbs Guideline value T can be searched in Table 1 based on the number of measured value 
and the degree of confidence α. If T≥T(n,α), it implies that  axi exists a larger error and should be deleted. 
Table.1 Relationship of T and n, α 
α n
0.05 11 2.18 1.15 1.46 1.67 1.82 1.94 2.03 2.
0.025 21 2.29 
0.01 1.15 1.49 1.75 1.94 2.10 2.22 2.32 2.41 
1.15 1.48 1.71 1.89 2.02 2.13 2.
 (4) Repeat steps 1)-3) until all the measured values obey the Grubbs Guidelines. Here the α
represents a probability of false judgment, and its value is not small enough because it represents the rise 
of the loss probability. 
a (5) Select the xi  by using the above steps and construct the new sample. The mean of the new 
sample set is: 
1
1 m
mx xi
i
a a
m
=
= ∑   (4) 
 the sample set can not reflect the degree of mutual support among 
samples and the ability value of 
sample is large in th  sample is set,  
On the one hand, the mean of
difference in the weight of each sample. On the other hand, the prob
e concentrated area of sample distribution. Thus the new weight of each
1
1
1
i xi mxa a= −
∑
(5) 
xi mx
i m
a aλ −=
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Then the final fusion result is:  
ˆ
m
1
x i xia aλ=∑   
i=
3. Data-Fusion Damage Identification Method of CFST Arch Bridg
To effectively detect damage of a complex structure, a new data-fus
is proposed, which is based on the information allocation theory and ap
detection of a CFST arch bridge. The proposed damage identification m
When a CFST arch bridge is used to detect damage, the measured 
response data in time series are collected firstly. Then the mean and 
standard derivation of sample are calculated, respectively. After that, 
the Grubbs Guideline is employed to exclude
(6) 
e 
ion damage identification method 
plicable to nondestructive damage 
ethod is shown in Fig.1. 
 the “bad point”. It is 
degree of confidence is set to 5%. The 
til all the measured values obey the 
le are determined and 
5) and (6) finally. The 
Pe
gnitudes and two 
damage locations were lassified as small and 
lculated in intact and damage states [1].  
le, so each set of the analytical computed responses and modal 
random sequence to simulate measured data, i.e. 
(7) 
Where yi is the noise-polluted measured displacement response, yia is the analytically displacement 
response; R is a normally distributed random variable with zero mean and deviated with 1; ε is noise 
level. 
4.2. damage Identification Results 
noted that, in this paper, the 
above steps are repeated un
Grubbs Guidelines. The weight values of samp
the fusion values are obtained by using Eqns. (
ak Value Guideline is employed to judge the damage by the fusion 
values, that is, the graphic peak point is the damage location of a 
CFST arch bridge. 
4. Experimental Validation 
4.1.  Arch Bridge Model and Damage Patterns 
A two-span concrete-filled steel tubular arch bridge was employed to validate the proposed method. A 
rib numerical model of arch bridge was used to investigate the structural responses and damages, and 
damage is simulated by reducing the modulus of elasticity for elements. Two damage ma
occurred in the arch ribs. The damage magnitude was c
large. The magnitude of the damage was 50% for small damage and 80% for large damage. The damage 
locations were located at two different arch rib elements. Pattern 1 was small damage at element 5, whilst 
Pattern 2 was large damage at both elements 5 and 13. The bridge displacement and modal parameters 
were ca
In addition, the noise is inevitab
parameters for each damage added by a 
)1( Ryy aii ε+×=   
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Fig.2 shows damage identification results in free, 1% and 2% noise levels, respectively.
Fig.2 Identification results 
Accordi  to the propos e identification res is shown that the 
proposed m hod can ac e damage vely. This 
indicates that the proposed method has excellent capabilities of anti-noise and robustness. 
Table2 Damage identification results 
ng
et
ed method, th ults are listed in Table 2. It 
curately identify th  patterns in free, 1% and 2% noise, respecti
Noise/% Pattern Identification Result
0
1(element 5) Node between 5 and 6 (element5) 
2(elements 5 and 13) Node between 5 and 6,13 and 14(elements 5 and 13) 
1
1(element5) Node between 5 and 6 (element5) 
2(elements 5 and13) Node between 5 and 6,13 and 14(elements 5 and 13) 
1(element 5) 
2(elements 5 and 13) 
Node between 5 and 6 (element5) 
Node between 5 and 6,13 and 14(elements 5 and 13) 
2
5. Conclusion 
Through the study in this paper, some conclusions can be drawn:  
oposed method has an excellent damage detection capability, can provide more precise and 
reliable damage detection results only using measured response data in time series. 
 and great volume of measured data.  
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